We report nonlinearity mitigation of two 64-QAM signals, tested in a WDM environment, through mid-link optical phase conjugation. Efficient reuse of signal bandwidth and a Q-factor improvement of more than 1.7 dB is demonstrated in a 400 km installed fiber link.
Introduction
Advanced modulation formats, such as 64-quadrature amplitude modulation (QAM), and their application in optical transmission offer a route towards efficient use of the spectrum and have therefore received increasing interest in recent years [1] [2] [3] . However, the adoption of 64-QAM is still considered a major challenge since it requires higher optical signal to noise ratios (OSNRs), lower-noise electrical amplifiers, higher resolution digital-to-analogconverters/analog-to-digital-converters (DACs/ADCs), and more complex digital signal processing algorithms at both the transmitter and receiver sides than the widely-used quadrature phase shift keying (QPSK) or 16-QAM formats [3] . Maintaining the sufficiently high OSNR required is hindered by fiber Kerr nonlinearity, which ultimately limits the launched signal power, thereby compromising system performance [4] . Deterministic nonlinear effects can however be mitigated by employing optical phase conjugation (OPC) in the middle of the transmission link, e.g. through the use of four-wave mixing in a nonlinear optical medium. Such schemes are notable for their modulation format transparency and capability for simultaneous processing of wavelength division multiplexed (WDM) signals [5] [6] [7] . So far only one OPC demonstration has been reported for 64-QAM modulation format signals; this was for a single transmitted channel and showed that use of the OPC allowed the transmission reach to be doubled [8] . However, one of the most important benefits of OPC is the simultaneous nonlinearity compensation of WDM signals, and this has never been shown for 64-QAM signals. We have recently proposed and experimentally verified the nonlinearity mitigation capability of a single OPC for 16-QAM signals in a nonsymmetric installed fiber link. The scheme was demonstrated in a WDM environment and showed uniform performance for all of the six tested channels. Our OPC scheme is notable for its capability to reuse the whole bandwidth, without requiring a frequency band to be reserved for the generated phase conjugated copies. This is achieved by simultaneously conjugating two signal bands propagating in opposing directions within the same highly nonlinear fiber (HNLF), while polarization insensitive operation is ensured by using two orthogonally polarized pumps [9] . It is to be noted that a similarly efficient use of the spectrum was also achieved in [10] through the use of two parallel OPC systems.
In this paper, using the same OPC and the same non-symmetric, erbium doped fiber amplifier (EDFA) amplified 400 km installed fiber link as reported in [9] , we transmit two signal bands, each including three 10 Gbaud 64-QAM WDM signals. We study the fiber nonlinearity mitigation for the middle channel of each of the two WDM bands (i.e. for the channels that experience the most nonlinearity during transmission), in terms of bit error ratio (BER) as well as Q-factor values with and without OPC. We expect equivalent performance for all of the six transmitted WDM channels as observed in the earlier 16-QAM experiments.
Experimental setup
Figure 1(a) shows the experimental setup of the installed transmission link (part of the UK's Aurora2 dark fiber network) [9] with the OPC set at about the middle point of the transmission line. The transmitter, OPC, and receiver were located at Southampton, while the repeaters, including EDFAs and dispersion compensation modules (DCMs) were located at both Southampton and Reading in the UK. The total transmission length of the field-installed standard single-mode fiber (SMF-28) was about 400 km, consisting of two round trips, the first 180 km (two x 90 km) long and the second 220 km (two x 110 km) long. The DCMs were used to approximately compensate the chromatic dispersion of each round trip.
Each of the two signal bands, B1 and B2, was populated with three 10 Gbaud 64-QAM signals, lying on a 50 GHz grid around the central wavelengths of 1551.72 nm and 1555.75 nm, respectively. The signals are labelled in such a way that B1 contains signals S1-S3 and B2 contains signals S4-S6. An arbitrary waveform generator (AWG, Tektronix AWG7122C) operating at a sampling rate of 10 GSa/s and with 8 bits resolution was used to generate the 64-QAM signals. Figure 1(b) shows the experimental setup of the polarization insensitive OPC based on two orthogonally polarized pumps [9] . The incoming signal was input to a wavelength selective switch (WSS) to separate and direct band B1 and band B2 to the opposite inputs of the HNLF in order to allow for their simultaneous optical phase conjugation. The two CW pumps (100 kHz linewidth) at 1558.17 nm and 1549.32 nm were each amplified to ensure a power level of +22.0 dBm at the two opposite inputs of the HNLF. Two polarization controllers (PCs), following the optical band-pass filters (OBPFs), were used to make the pumps orthogonally polarized. After combining the two pumps, B1 and B2 were also coupled with them (through 7 dB couplers) and launched into the two ports of the HNLF via circulators. The 300-m long germanium-doped strained HNLF had a nonlinear coefficient of 11.6 /(W-km), a dispersion of -0.08 ps/(nm-km), a dispersion slope of 0.018 ps/(nm 2 -km), and zero-dispersion wavelength of 1555 nm. The conversion efficiency of the OPC was about -2 dB in both HNLF directions [9] . The generated idlers (B1* and B2* bands) were filtered by tunable 1.2 nm OBPFs and combined with each other, as depicted in Fig. 1(b) .
At the receiver, an EDFA was followed by a 0.4 nm tunable filter, centered at the wavelength of the channel under test, and the signal was detected using a coherent receiver followed by a 4-channel 16 GHz, 40 GSa/s realtime scope. Offline processing was implemented for signal demodulation and BER calculation. The system was also assessed when bypassing the OPC for comparative purposes.
Experimental results and Discussion
We investigated the transmission performance with and without OPC after 400 km transmission for both B1 and B2 bands. Figure 2(a) shows the received spectrum of the six conjugated copies of the signals after 400 km transmission. The corresponding BER curves for the middle channels in each band (S2 and S5) are shown in Fig. 2(b) , plotted as a function of launched power per channel onto each fiber span. The back-to-back BER, i.e. without the transmission line, is plotted as the reference green line. The BER of our 64-QAM signal (3.6 x 10 -2 ) was limited by the bandwidth (9.6 GHz at -20 dB) and effective number of bits of our AWG. The measured BERs after transmission when OPC was used are of the same order as in the back-to-back case, indicating that the OPC successfully mitigated the nonlinearity-induced transmission impairments. Both BER measurements of I2 and I5 (the respective conjugates of S2 and S5) showed improved performance for all launched powers relative to the case without OPC. Additionally, the optimum launched power per channel was increased by about 4 dB for the OPC case due to the fiber Kerr nonlinearity mitigation that it provided. From the BER measurements, we calculated the Q-factor values by using the equation: Q=20log 10 { 2 erfc -1 (2BER)}. Q-factor improvements of more than 1.7 dB were observed, as shown in Fig. 2(b) . It is notable that the Q-factor improvement for the 64-QAM WDM signals is significantly better than that previously achieved for the 16-QAM WDM signals (we reported an improvement of 0.5 dB in [9] ), which indicates that OPCs may be more beneficially employed when transmitting highly spectrally-efficient complex modulation formats such as 64-QAM, that require high OSNRs. Examples of constellation diagrams with and without OPC at their optimum launched powers as well as of the back-to-back case are also reported in Fig. 2(c) . The reduction of noise through the use of OPC is visible for all symbols by comparing the corresponding constellation diagrams.
Conclusions
We experimentally demonstrated fiber nonlinearity mitigation for two 10 Gbaud 64-QAM signals using optical phase conjugation performed close to the middle of a 400 km EDFA-amplified deployed transmission link. The system was tested in a WDM environment using a single OPC to simultaneously conjugate two WDM signal bands, B1 and B2 and provide twice the usable bandwidth when compared to conventional schemes. Q-factor improvements of more than 1.7 dB were measured for channels in the two bands when OPC was in place. 
